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£f} We perform the first study for the bound states of colored scalar particles <j> ("scalar 

0^ , quarks") in terms of mass generation with quenched SU(3) C lattice QCD. We investigate 

■ the bound states of <f>, (p'<f> and (jxjxj) ("scalar-quark hadrons"), as well as the bound states 
• ' of <f> and quarks ip, i.e., (fi'ip, tp^(/> and (piptp ("chimera hadrons"). All these new-type 

hadrons including <j> have a large mass of several GeV due to large quantum corrections 
by gluons, even for zero bare scalar-quark mass = at a" 1 ~ lGeV. We find a 
similar nu -dependence between <f>^ip and </>(f>il>, which indicates their similar structure 

■ due to the large mass of tj>. From this study, we conjecture that all colored particles 
^ ' generally acquire a large effective mass due to dressed gluons. 

• rH 

X 
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1. Introduction 

The origin of mass is one of the fundamental and fascinating subjects in physics. 
About 99% of mass of matter in the world originates from the strong interaction, 
which provides the large constituent quark mass = (300 — 400)MeV. Such a 
dynamical fermion-mass generation in the str ong interaction can be interpreted as 
spontaneous chiral-symmetry breaking (xSB)M^ 

In the strong interaction, however, there is other type of dynamical mass gen- 
eration than xSB. For instance, gluons, which are m assle ss in perturbation QCD, 
seem to have a large effective mass as (0.5 — 1.0)GeVj3H! due to non-perturbative 
effects. Actually, glueballs, which are ideally composed only by gluons, have a large 
mass, e.g., about 1.5GeVPHlThe same holds for charm quarks. Whereas the cur- 
rent mass of charm quarks is about 1.2GeV at the renormalization point /i = lGeV, 
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Table 1. The lattice QCD setup for scalar-quark hadrons and chimera hadrons. 



/3 lattice size lattice spacing a bare scalar-quark mass bare quark mass 

5^7 16 3 x 32 (l.lGeV)" 1 ~ 0.2fm 0.00, 0.11, 0.22, 0.33GeV 0.09, 0.14, 0.19GeV 



the constituent charm-quark mass in the quark model is set to be about 1.6GeV. 
The about 400MeV difference between the current and the constituent charm-quark 
masses could be explained by dynamical mass generation without %SB, since there 
is no chiral symmetry for such heavy quarks. These examples imply mass generation 
without xSB in the strong interaction. We therefore conjecture that large dynam- 
ical mass generation generally occurs even without x>3B in the strong-interaction 
world, i.e., all colored particles have a large effective mass generated by dressed gluon 
effects^^ In this study, we investigate the system of colored scalar particles, which 
do not have chiral symmetry. 



2. Scalar-quark Hadrons and Chimera Hadrons in Lattice QCD 

We consider light 3c-colored "scalar-quarks" </>. The light scalar-quarks can be also 
regarded as idealized point-like "diquarks" at the scale of a -1 ~ lGeV. We inves- 
tigate "scalar-quark mesons" <ft4> and "scalar-quark baryons" (jxfxf) as the bound 
states of scalar quarks (j). We also investigate the bound states of scalar- quark s </> 
and quarks ij), i.e., flip, iptpc/) and (f>4>ip, which we name "chimera hadrons" ffilQ I 

To include scalar-quarks <f> together w ith qu arks ip and gluons in QCD, we adopt 
the generalized QCD Lagrangian 

densitypnil)] 

£ = -\g% v G^ v + C F + C SQ , C SQ =tv(D^(D^)-mltv ( />U, (1) 

where Cf denotes the quark part and the bare mass of scalar-quarks <f>. In the 
actual calculation, we use a discretized Euclidean action on the 16 3 x 32 lattice 
at /3=5.7p^ i.e., lattice spacing a -1 ~l.lGeVP^The parameters employed in the 
analysis are summarized in Table 1. 

The gauge- invariant local operators 0{x, t) of scalar-quark hadrons and chimera 
hadrons are summarized in Table 2. We introduce "scalar-quark flavor" denoted by 
i,j, k and investigate the scalar-quark flavor non-singlet mesons, which do not have 
disconnected diagrams in their correlators. Note that, without the "scalar-quark 
flavor" degrees of freedom, the baryonic local operators of <f)(j><f> and (f>cf>ip inevitably 

Table 2. Summary table of new-type hadrons. The indices i,j and k denote the scalar-quark 
flavor degrees of freedom. T^, Y l ^ k and are some tensors on the scalar-quark flavor. 



Names Lorentz properties Local operators 



Scalar-quark meson 


(4>H) 


Scalar 


M s (x) 


= T % j>4>l\x)4>l{x) 


Scalar-quark baryon 


(4,4,4,) 


Scalar 


B s (x) -- 


= Tfe ahc 4>i{x)4i(x)4> k c {x) 


Chimera meson 




Spinor 




= 4>l(x)i>2(x) 


Chimera baryon 


(ipi>4>) 


Scalar 


C B (x) 


= £abc(lpa T (x)C-y 5 1pb(x))4'c(x) 


Chimera baryon 


{4>H) 


Spinor 


Cg Or) 


= r^e abc 4>l(x)4>l(x)^(x) 
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Fig. 1. (a) "Scalar-quark meson" mass squared M^. and (b) "scalar-quark baryon" mass 
squared M?^ . plotted against the bare scalar-quark mass squared rn\ at a -1 ~ l.lGeV. 



vanish due to the anti-symmetric tensor e Q f, c . We calculate the temporal correlator 
G(t) = yJ2x(0(xjt)0^ (0,0)), where the total momentum is projected to be zero. 
The mass M of these hadrons are obtained as M ~ — ^lnG(T) for large T. 

Here, we show the lattice results for the masses of new-type hadrons. Figure 1 
shows the squared scalar-quark- meson mass M? t , and the squared scalar-quark- 
baryon mass squared Mj^, plotted against the bare scalar-quark mass squared 
at a -1 ~ 1.1 GeV. Even for zero bare scalar-quark mass, scalar-quark hadrons have 
a large mass as M^\^ ~ 3GeV and ~ 4.7GeV. We find the "constituent scalar- 

quark picture", i.e., — 2M^ and ~ 3M,/,, where ~ (1.5 — 1.6)GeV 

is the constituent scalar-quark mass. The calculation can be performed even in the 
region rr& < due to large quantum corrections on <j). We also find the relations, 
M| t , ~ 4m| + const, and ~ 9m| + const, from the figure. Together with the 

"constituent scalar-quark picture", we reach the relation M| ~ + E^, where E^ 
is the self-energy of <p and is expected to be insensitive to m^. This is a natural 
relation between the renormalized mass and the bare mass for scalar particles. 

Chimera hadrons also have a large mass even at = — 0, i.e., ~ 
1.9GeV for chimera mesons flip, and ~ 2.2GeV, ~ 3.6GeV for chimera 

baryons (ipipcj), (fxfiip). We find a "constituent scalar-quark/quark picture", i.e., an 
approximate relation as M m< j, +ru p ~ mM^ + nAf^ with the constituent quark mass 
~ 0.4GeV, and the large constituent scalar-quark mass ~ (1.5 — 1.6)GevP 




(a) Chimera meson <£ V (b) Chimera baryon OOV 

Fig. 2. The conjectured wave-function of the quark ip around the heavy scalar-quarks in the 
chimera hadrons. Similar to chimera mesons, the wave- function of ip in chimera baryons distributes 
around the two </>'s localized near the center of mass. 
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From the m^,-dependence of chimera hadron masses, we conjecture a similar 
structure between chimera mesons (fti/j and chimera baryons (fxjnfjW The wave- 
function of vb in a chimera meson (flip is distributed around the heavy scalar-quark 
(jy due to the large mass of </>, and, similarly, the wave-function of ip in a chimera 
baryon (fxfyip is distributed around the point-like "di-scalar-quark" (jxp. (See Fig. O) 

3. Summary and Conclusion 

We have performed the first study of light "scalar-quarks" 4> (colored scalar particles 
or idealized diquarks) and their color-singlet hadronic states in quenched SU(3) C 
lattice QCD in terms of dynamical mass generation. We have investigated the mass 
of "scalar-quark mesons" <^0, "scalar-quark baryons" (fxfxf) and "chimera hadrons" 
((fyip, ipip4>, 00VOi which are composed of quarks ip and scalar-quarks (f>. We have 
observed the large dynamical mass generation of scalar-quarks 4> about 1.5GeV at 
a -1 ~ l.lGeV due to large quantum corrections by gluons, even at the zero bare 
scalar-quark mass ~ 0. This lattice result also indicates that plausible diquarks 
used in effective hadron models cannot be des cribed as the point-like particles and 
should have a much larger size than a ~ 0. 2fm.ra 

This study indicates that, even without x^B, large dynamical mass generation in 
the strong interaction occurs for the scalar-quark systems. Together with the large 
glueball mass and the large difference between the current and the constituent 
charm-quark masses, this type of mass generation would generally occur in the 
strong interaction, and therefore we conjecture that all c olore d particles generally 
acquire a large effective mass due to dressed gluon effects EEQ] as shown in Fig. 3. 



symmetry breaking, colored particles generally acquire a large effective mass due to dressed gluons. 
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Fig. 3. Schematic figure for dynamical mass generation of colored particles. Even without chiral 



